ABSTRACT
INTRODUCTION
Skin effect was defined by van Everdingen 1 and Hurst 2 as being an impediment to flow that is caused by an infinitesimally thin damaged region around the wellbore. The additional pres sure drop through this skin is proportional to the wellbore flow rate and behaves as though flow through the skin were steady-state. Original Wellbore storage is caused by having a moving liquid level in a wellbore, or by simply having a volume of compressible fluid stored in the wellbote. 3 When surface flow rates change abruptly, wellbore storage causes a time lag in formation flow rates and a corresponding damped pressure response. A recent study 4 was made to determine the combined effects of infinitesimally thin skin and wellbore storage. Analytical methods were used along with numerical integration of a Laplace trans forma tion inversion integral. Tabular and graphical results were presented for various cases. It was recognized during the study that this representation of skin was oversimplified; that skin effect should be thought of as a result of formation damage or improvement to a finite region adjacent to the wellbore;
It was suggested that a skin effect could arise physically in a number of ways. One simple example would be to assume that an annular volume adjacent to the wellbore is reduced uniformly to a lower permeability than the original value. This would be similar to the composite reservoir problem. Perhaps a better example would be to assume that the permeability increases continuously from a low value at the wellbore to a constant value in the undamaged reservoir. In either case, the damaged region would have a finite storage capacity and would lead to transient behavior within the skin region.
A negative skin effect could arise from an increase in permeability within an annular region adjacent to the wellbore. This might physically result from acidizing. But it is believed that cases of more practical importance are those in which negative skin effects are caused by hydraulic fracturing.
A high-permeability fracture communicating with the wellbore gIves the appearance of a negative skin effect.
For the purposes of this study, it was decided to represent a skin effect, either positive or negative, as an annular region adj acent to the wellbore with either decreased or increased permeability. This then is the composite reservoir problem wherein a permeability kl exists from the well radius to a radius of the damaged region, r1. For composite reservoirs, there are an infinite number of pairs of values, r 1 and k l' which correspond to a value of skin effect, 5. The main purpose of this study was to investigate the behavior of a well during initial transient flow in the presence of a finite-capacity skin effect with the presence of wellbore storage. The goal was to provide information which might be useful in interpretation of short-time well-test data (either buildup or drawdown).
The initial-value problem is a special case of a composite reservoir problem wherein porosity, viscosity and compressibility are the same for both damaged and undamaged formation regIons, but with the permeability changing at the boundary of the' two regions; the complication of wellbore storage is also added. The skin effect, 5, does not appear explicitly in the formulation of the problem, but may be inferred from the steady-state pressure drop through the damaged annular region adjacent to the wellbore.
The initial-value problem may be stated as follows. For the (~damaged" or skin region, 
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The equivalent steady-state skin effect, 5, can be expressed as a function of k, k1' r1 and r W' That is,
kl Thus, it is possible to select appropriate values of r1D and (k/k 1) to provide a specific value of the skin effect. The relationship between the skin effect and the pressure drop attributable to the skin is 6p k. . 
Strictly speaking, the above problem may be solved to provide the pressure at any time and radial location within either region. But since the main obj ecti ve was information for well-test analysis, only pressures at the well were sought. All results reported 10 the study are for dimensionless pressures at the well which are denoted as P wD (to)' Although the subj ect problem maybe handled analytically with ease, the analytical result would require numerical integration to provide final tabulations of the dimensionless variables. Fortunately, a finite-difference computer program was available that could readily handle the problem. The program was a one-dimensional radial model prepared to solve real gas flow with damage and well bore storage. The details of this program have been described previously. 5, 6 Solutions for liquid flow were obtained by employing constant-fluid physical properties. The finite-difference solution represented a finite-radius reservoir. But the reservoir radius selected was large enough so that pres sure at the outer boundary was not affected for producing times of tD x 10 8 . A check of the outer boundary pressure was made for each run. In addition, all solutions were found to agree closely with the infinite-reservoir analytical solution for the longest producing times run. Since solutions to the diffusivity equation were obtained in terms of pressure, the usual assumption of small pressure gradients throughout the flow system was made.
GIve n a value of equivalent skin effect, corresponding values of rID and (k II k) were used in the model. Values of rID = 1, 10, 100 and 1,000 were used to give a range of conditions. The case of rID = 1 is equivalent to the van Everdingen-Hurst infinitesimally thin damaged region. When no wellbore storage is present, the solution to this case can be obtained by adding the skin effect to the s = 0 solution. When wellbore storage is present, the solutions to this case are equivalent to those solutions given by Agarwal et al. 4 A negative skin effect in a composite reservoir implies tpat the region around the wellbore has improved permeability, kl > k. It should be noted that for a given radius of permeability improvement, rID, there is an upper limit to the magnitude of negative skin effect. This limit is reached as the permeability around the wellbore approache s infinity. From Eq. 15, it can be seen that the limiting negative skin effect (as kl --, ) 00) 
RESULTS
Finite-difference solutions were generated for a total of 60 cases. Tables 2 through 11 give the results of these computer runs. Each table gives 
0.5 percent, with the analytical solutions being higher than the finite-difference solutions. This maximum difference occurred for the larger values of C at the trans1tlOn between the wellbore storage-controlled period and the period in which wellbore storage was not important. On ~ log-log plot of PD(tD) vs tD, this is the region of greatest curvature. At other points on the curve the solutions are almost identical. are only for a dimensionless ! !damaged" zone radius of 1 ,000. It was impossible to achieve a negative skin effect as large as -5 with rlD values less than 150. Thus, the data for a skin effect of +20 on Fig. 2 are best for studying the effect of the radius of the damaged region upon short-time well-test data. Results for a skin effect of +5 were similar.
DISCUSSION
As shown in Fig. 2 , by comparison of results for different rID values, representation of a skin effect as an annular region of altered permeability can leaq to significant changes in the early pressure-time history, with or without wellbore storage. (All lines on Fig. 2 for rID = 1 represent infinitesimally thin skin cases, or previous analytical cases.) The lines for the finite-radius, damaged regions fall successively below the infinitesimally thin skin case, but finally join the infinitesimally thin skin case at times which increase as the damage radius squared, as would be expected. If there 1S significant wellbore storage, a separation 1S noticed within the transition region from storage control to outer formation control, as damaged-zone radius increases. The separation diminishes with increasing wellbore storage constant and is essentially negligible for storage constant of 100,000. This results because the finite-storage constant cases must join the zero storage case. Thus previous criteria for the duration of the wellbore storage effect 4 requires some modification. If the damaged-zone radius is great, transients caused by the large volume of the damaged region may last longer than those caus ed by well bore storage. In extreme cases, this could result in an early period caused by wellbore storage, followed by two straight lines on a conventional semilog well-test plot --the first having a slope indicative of the permeability of the damaged region; the second having the correct slope indicative of the undamaged formation. This is shown on Fig. 3 . Fig. 3 presents results in a conventional semilog plot of the pressure-time data for a skin effect of +5, a storage constant of 1,000, and two different damaged-zone radii: rID of 1 and 1,000. Pressu:re data to a time of about 2.5 x 10 3 are almost
FIG. 2 -SHORT-TIME SOLUTIONS WITH WELLBORE STORAGE AND FORMATION DAMAGE, completely dominated by the wellbore storage effect. This can be seen better on a log-log plot; the data form near perfect straight lines with a unit slope on a log-log plot. At times of about 2 x 10 5 , both cases teach a straight line. For the infinitesimally thin skin case, rID = 1, the slope is the correct value of 1.151 and is indicative of the formation permeability. For the large-radius damaged region case, the slope is 1.984, which is indi~ative of the damaged zone permeability (see Table 1 ). At a time of about 4 x 10 6 , the lar ge-radius damaged region case finally reache s the proper straight line. As can be seen on Fig. 3 , the proper straight line for the 'lD = 1,000 case could be easily misinterpreted. It is far easier to interpret this case with a log-log plot and type-curve matching procedures,4 and misinterpretation is far less likely. Type-curve interpretation procedures are discussed in detail in Ref. 7 .
Several comments regarding well-test interpretation may be made utilizing Fig. 2 . First, storage constants for oil well tests often are of the order of 1,000 or greater. Inspection of Fig. 2 indicates that the radius of the damaged region would have to be greater than 100r w to cause a significant effect on the pressure-time history. Thus ,. previous interpretation methods (such as described in Refs. 4 .and 7) should be valid. In other words, the infinitesimal skin concept is valid under these conditions. Second, storage constants for gas well tests may be much less than 1,000. Inspection of Fig. 2 indicates that the radius of the damaged region may play an important role in pressure-time data for these conditions. Thus Fig. 2 represen ts an additional type-curve which may be particularly useful for interpretation of well-test data when storage constants are small. In our opinion, type-curve matching procedures are extremely useful and will find in,creasing application in well-test analysis. Finally, it is apparent that Fig. 2 should also be useful in forecasting results of production from a composite reservoir by proper interpretation of the skin-effect parameter. If the damaged-zone radius is greater than 100r w , short-time well-test data should be interpreted by means of solutions for a skin region of finite storage capacity. One way to accomplish this end is a type-curve matching procedure employing plots such as Fig. 2 .
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